High and broad transcription of eukaryotic genes is facilitated by cost minimization, clustered localization in the genome, elevated G+C content and low nucleosome formation potential. In this scenario, illumination of correlation between abundance of (TG/CA) n=12 repeats, which are negative cis modulators of transcription and transcriptional levels and other commonly occurring dinucleotide repeats is required. Three independent microarray datasets were used to examine the correlation of (TG/CA) n=12 and other dinucleotide repeats with gene expression. Compared to the expected equi-distribution pattern under neutral model, highly transcribed genes were poor in repeats and conversely, weakly transcribed genes were rich in repeats. Furthermore, the inverse correlation between repeat abundance and transcriptional levels appear to be a global phenomenon encompassing all genes regardless of their breadth of transcription. This selective pattern of exclusion of (TG/CA) n=12 and (AT) n=12 repeats in highly transcribed genes is an additional factor along with cost minimization and elevated GC and therefore, multiple factors govern high transcription of genes. We observed that even after controlling for the effects of GC and average intron lengths, the effect of repeats albeit somewhat weaker was persistent and definite. In the ribosomal protein coding genes, sequence analysis of orthologs suggest that negative selection for repeats perhaps occurred early in evolution. These observations suggest that negative selection of (TG/CA) n 12 microsatellites in the evolution of the highly expressed genes were also controlled by gene function in addition to intron length.
the examination of association or abundance of four basic types of dinucleotide repeats (TG/CA) n , (AT) n , (GA/TC) n and (GC) n in human genes expressed at different levels. The remaining dinucleotide repeat types are equivalent to these four basic types [13] . Such an analysis can illuminate another intrinsic feature of the template DNA, namely, the correlation of transcriptional activity with abundance of uninterrupted dinucleotide repeats.
Methods

Microarray Datasets Dataset A
Normalized human gene expression data obtained from the Affymetrix array (HG U95Av2) experiments using blood leukocytes from 13 human individuals including monozygotic twins is available at Gene Expression Omnibus (GEO;
www.ncbi.nlm.nih.gov/geo) under following accession numbers: GSM14477, GSM14478, GSM14479, GSM14480, GSM14481, GSM14482, GSM14483, GSM14485, GSM20645, GSM29053, GSM29054, GSM29055, GSM29056, GSM29057 and GSM29058 [38] . Only genes with present 'P' call were considered.
Dataset B
Normalized human gene expression data from the Affymetrix array (HG U95A) experiments was obtained from Gene Expression Atlas database (http://expression.gnf.org) that contains information on gene expression from 46 different human tissues, organs and cell lines [44] . Only genes with Average Difference values >200 units were considered [44] .
Dataset C
Normalized human gene expression data from Affymetric array (HG U133A) experiments was obtained from GNF SymAtlas database (http://symatlas.gnf.org/SymAtlas/) that contains information on gene expression from 79 different human tissues, organs and cell lines [45] . Only genes with present 'P' call were considered.
Filtering and binning
A sum of 212 genes from Dataset A, 192 genes from Dataset B and 188 genes from Dataset C whose expression varied in monozygotic twins [38] were filtered out. 5 additional genes were also removed from Dataset B because of ambiguous annotations. The remaining Dataset A had 5,015 genes, Dataset B had 6,650 genes and Dataset C had 11,017 genes. The signal intensities (Dataset A, C) and average difference values (Dataset B) were transformed by taking logarithms to the base 10. The log transformed values were averaged across all the samples. This value, corresponding to log of geometric mean was considered as the average transcriptional level of a given gene [47] . Genes were arranged in increasing order of transcriptional levels and 5% of the total number of genes was sliced out for each bin. These bins were numbered in an increasing order of bin average of average transcriptional levels of genes. In Dataset A, the bins from 1-15 contained 251 genes each and the remaining bins 16-20 contained 250 genes each. In Dataset B, the bins 1-10 contained 333 genes each and the remaining bins 11-20 contained 332 genes. In Dataset C, the bins 1-17 contained 551 genes each and the remaining bins 18-20 contained 550 genes. The bin average value of transcription of genes in each bin was used for further analysis.
Housekeeping genes
The datasets of human housekeeping genes were obtained from (HuGEIndex) [19] 
Statistical methods
Tests of significance for the differences between the proportions of genes containing dinucleotide repeats in different bins compared with global distribution of these repeats in the Datasets (A, B or C) were carried out using the Binomial proportions test. The observed
proportion in each bin was tested against the expected proportion, which was computed assuming no preference with respect to bin average transcriptional levels. The null hypothesis
was 'under neutral model', an equi-distribution of proportion of genes with repeats is expected across all bins. Pearson's product-moment correlation (R) was computed to examine the relationship between bin average transcription and (i) proportion of genes with repeats in different bins, (ii) average intron and exon lengths of genes in bins (iii) average GC content of genes in bins. The Pearson's product-moment correlations (R) between average intron lengths and proportion of genes with repeats were also examined. The R statistical package [36] was used to perform the statistical tests. Partial correlations and their significance values between average transcription and repeats controlling for GC content and average intron lengths were computed using pcor and pcor.test from the ggm library of R statistical package.
Results
We used three publicly available human microarray gene expression datasets, which we designate 'A' [38] , 'B' [44] and C [45] . Datasets A and B were produced using HG U95A
arrays and Dataset C was produced using HG U133A arrays from Affymetrix (http://www.affymetrix.com). Dataset A was obtained from blood leucocytes drawn from 13 normal human individuals [38] , Dataset B was obtained from 46 different human tissues, organs and cell lines [44] and Dataset C was obtained from 79 human tissues, organs and cell lines [45] . These datasets taken together offer gene expression data from both natural (from living individuals, Dataset A) and artificially preserved states (from stored tissue samples, Datasets B and C).
We applied two procedures to reduce or eliminate confounding effects due to random noise, since stochastic noise is an inherent property of gene expression in living systems [15] .
First, we considered the logarithmically transformed geometric mean values of signal intensities or average difference values to represent the transcriptional level of a given gene [47] . Second, we removed genes whose transcriptional levels varied randomly due to environmental causes [38] . Application of this sieving procedure to any dataset will likely reduce random noise due to extrinsic environmental fluctuations [38] . The resulting filtered In our previous analysis, we observed that human housekeeping genes with (TG/CA) n 12 repeats had lower average transcriptional levels compared to those without repeats [41] . Housekeeping genes are compact, highly transcribed and poor in (TG/CA) n 12
repeats [11, 41] . In all Datasets A, B and C, we observed that most of the housekeeping genes were located in bins of highly transcribed genes. This pattern is in accordance with previous observations [11, 25] .
In order to resolve whether the observed inverse relationship between transcriptional levels and incidence of (TG/CA) n=12 and other dinucleotide repeats is a global phenomenon or is biased due to presence of highly transcribed housekeeping genes, we repeated the analysis after removing the housekeeping genes. The inverse relationship was persistent and the strength of this relationship was maintained even when the housekeeping genes from Eisenberg and Levanon [11] and from Hsiao et al. [19] were removed respectively from In order to examine the role of repeats in the context of all three factors namely, proportion of genes with repeats, average intron length and GC content on average transcription, we carried out a partial correlation coefficient analysis between average transcription and proportion of genes with repeats by controlling the effects of average intron lengths (most uninterrupted intragenic repeats were located in introns) and %GC content.
Partial correlations for each repeat type were computed individually. We observed that even after controlling the effects of both GC content and average intron lengths, significant negative correlation of bin average transcription with (TG/CA) n=12 repeats was observed in repeats were not statistically significant after controlling for effects of GC content and average intron lengths.
We repeated the foregoing analysis after removing the two sets of housekeeping genes. After removing the housekeeping gene sets of Hsiao et al [19] and of Eisenberg and (GA/TC) n=12 repeats the partial correlations after controlling for effects of GC and average intron lengths were not statistically significant.
Discussion
Most (>98%) uninterrupted intragenic (TG/CA) n 12 , (AT) n 12 and (GA/TC) n 12 repeats were located in introns. Under the 'neutral model', the low abundance of repeats in highly transcribed genes could be due to a secondary consequence of selection either for short introns or for elevated GC composition. The observation that genes with long introns harbour more repeats compared to genes with short introns suggests a strong role for intron length as a controlling factor for abundance of repeats. However, we found that in case of Datasets A, B
and C, 66%, 61% and 56% of the longest introns ( 10kb) of the topmost highly expressed genes (Bin 19 and 20) contained no (TG/CA) n 12 repeats in contrast to the remaining groups (Bin 1-18) of Datasets A, B and C, 56%, 54% and 54% of the longest introns ( 10kb) contained no (TG/CA) n 12 repeats. Therefore, it appears that although long introns offer more space for accommodation of additional elements, the highly expressed genes tend to have lower proportion of (TG/CA) n 12 repeats.
It is apparent that the (TG/CA) n 12 repeats span only a small fraction (0.095-0.145%) of the lengths of introns of genes in different bins in all three datasets. Therefore it is unlikely that the presence of these repeats would increase lengths of introns severely, thereby inflating transcriptional costs compared with large insertions such as transposons whose lengths average 300 bp [7] . Therefore, selection for short introns is unlikely to be a prime mover in eliminating microsatellites, which rarely exceed 23 repeat units (46 bp) [12, 39] .
In the case of (GA/TC) n 12 repeats, it has been described that these repeats tend to repress transcription by stabilizing nucleosomes [9, 28] . Although the trends in the case of these repeats are less strong compared with (TG/CA) n 12 and (AT) n 12 repeats, it appears that the (GA/TC) n 12 repeats are also negatively selected for in highly expressed genes. The results of the partial correlation analysis showed that even after controlling the effects of GC and average intron length, (TG/CA) n 12 and (AT) n 12 repeats displayed significant correlations with average transcription. In other words, although the role of repeats in the context of GC content and average intron lengths appears to be somewhat weaker, their role in transcription is clearly evident. Thus it appears that attainment of high expression is accompanied by the correlated interplay of multiple factors such as intron length, repeat content and GC content.
Analysis of functional composition of the genes in bins which showed significant association with (TG/CA) n 12 repeats (Figures 5-7) showed that, proportion of genes belonging to Information and Metabolism classes is higher in highly transcribed genes (Bin 20) compared to genes of Signaling and communication class which was abundant in rest of the bins. Recently, we observed that (TG/CA) n 12 repeats are positively associated with genes of Signaling and Communication, whereas they were negatively associated with Information class [39, 41] . Therefore, it is probable that low occurrence of (TG/CA) n 12 repeats and other repeats in highly transcribed human genes is also controlled by gene function [39, 41] .
The list of highly transcribed genes includes those coding for ribosomal proteins and structural proteins in accordance with previous observations reported from the analysis of Human Expressed Sequence Tags (ESTs) and microarray data from other non primate genomes [7] . Comparison of the sequences of orthologs of ribosomal protein coding genes revealed that all human ribosomal protein coding genes are devoid of (TG/CA) n 12 , (AT) n 12, and (GA/TC) n 12 microsatellites. These genes are perhaps under purifying selection [7] because all of their homologues from the fruit fly Drosophila melanogaster or most homologues (93.4%) from the mouse Mus musculus spanning more than 990 million years are also devoid of these microsatellites. These observations suggest that (TG/CA) n 12 and other microsatellites were negatively selected for early in the evolution of the highly expressed genes and controlled by gene function in addition to intron length . The correlation values (R) and the associated confidence values are displayed. (i) ensquared points: bins of genes with statistically significant lower than expected proportion of genes with repeats (P < 0.05 to P < 0.0001) (ii) encircled points: bins of genes with statistically significant higher than expected proportion of genes with repeats (P < 0.04 to P < 0.0001). 
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